abstract: Experimentally induced endometriosis in baboons serves as an elegant model to discriminate between endometrial genes which are primarily associated with normal endometrial function and those that are changed by the presence of endometriotic lesions. Since connexin genes are characteristic of the hormonally regulated differentiation of the endometrium, we have examined connexin expression in baboon endometrium to delineate if they are altered in response to the presence of endometriotic lesions. Connexin expression in the endometrium of cycling baboons is similar to that of the human endometrium with Connexin(Cx)43 being primarily seen in the stromal compartment and Cx26 and Cx32 being present predominantly in the epithelium. Although Cx32 is up-regulated during the secretory phase, Cx26 and Cx43 are down-regulated. In the baboon model of induced endometriosis a change in connexin pattern was evident in the presence of endometriotic lesions. In the secretory phase, Cx26 and Cx32 are no longer present in the epithelium but Cx26 is now observed primarily in the stromal cells. Infusion of chorionic gonadotrophin in a manner that mimics blastocyst transit in utero failed to rescue the aberrant stromal expression of Cx26 that is associated with the presence of endometriotic lesions suggesting an impairment of the implantation process. The altered connexin pattern coupled with a loss of the channel protein in the epithelium and a gain of Cx26 in the stromal compartment suggests that the presence of lesions changes the uterine environment and thereby the differentiation programme. This aberrant expression of connexins may be an additional factor that contributes to endometriosis-associated infertility.
Introduction
Endometriosis-associated subfertility is probably due to an altered genetic programme of the eutopic endometrium at the time of uterine receptivity. For successful implantation an activated blastocyst has to interact with the receptive endometrium. For this specific cross talk a number of molecular changes are required at a specific time termed the 'window of implantation'. The genetic programming of the endometrium into the receptive phase is under the control of ovarian steroid hormones and is further modulated by embryonic signals during implantation (Dey et al., 2004) . In recent years several global gene array analyses have contributed to identifying genes and signal cascades involved in this transformation, however, there still is no satisfying concept of the temporal gene expression pattern that definitely identifies the receptive status of the endometrium in different species (Reese et al., 2001; Kao et al., 2003; Giudice, 2004; Horcajadas et al., 2007) . Furthermore, genes whose dysregulation may be associated with or responsible for endometrial changes as a result of gynaecological diseases such as endometriosis are still under investigation (Giudice et al., 2002; Wu et al., 2006) . Among the genes thought to be involved in the synchrony between the embryo and the endometrium we have focused on the role of gap junction connexins (Cxs) in the endometrium of the receptive phase as well as during embryo implantation and in endometriosis (Grümmer and Winterhager, 2008) .
Up to now 20 connexin genes have been identified in the mouse and 21 in the human genome (Soehl and Willecke, 2003) . The different gap junction channels are characterized by selective permeability (Mese et al., 2007) and have been shown to transfer small interference RNAs (Valiunas et al., 2005) . The C-terminus of the connexins is subject to post-translational modification and exhibits binding properties to numerous cytoplasmic proteins and thus interacting with intracellular signal cascades (Giepmans, 2004) . In rodents suppression of gap junction Cxs26 and 43 precede the receptive phase of the endometrium followed by a local induction of both connexins in the implantation chamber by the embryo (Winterhager et al., 1993) . This connexin gene expression pattern in the endometrium is regulated via two distinct signalling pathways. During preimplantation, transcription of connexins can be induced by estrogen via an estrogen receptor (ER)-dependent pathway. In contrast, the embryonic/decidualassociated induction of Cx26 and Cx43 utilizes an ER-independent signalling pathway (Grümmer et al., 2004; Grümmer and Winterhager, 2008) . The role of gap junction communication for decidualization in mice has been shown by Laws et al. (2008) using a conditional deletion of the Cx43 gene which leads to impaired decidual cell differentiation in addition to a reduced secretion of several key angiogenic factors.
Corresponding to these findings in the rodent, expression of Cx26 in the epithelium and Cx43 in the stromal cell compartment changes during menstrual cycle in women (Jahn et al., 1995; Granot et al., 2000) . In this context, Cx43 and Cx32 seem to play an additional role in the epithelium, since Cx32 is expressed in the basal portion of the cells (Jahn et al., 1995) predominantly in the early secretory phase and Cx43 is more evident in the late secretory phase (Granot et al., 2000) . In endometriosis, the ectopic lesions reveal a connexin pattern different from the healthy endometrium: the glandular epithelial cells exhibit predominantly strong Cx43 expression whereas Cx26 expression is largely absent (Regidor et al., 1997) . The aberrant expression of connexins in endometrial diseases indicates that connexins represent a sensitive marker for the physiological state of this tissue and their dysregulation could be associated with pathologies like endometriosis. Here, we describe the expression pattern of connexin transcripts and protein in the endometrium of normally cycling baboons and the alteration in their expression in the endometrium of baboons with experimentally induced endometriosis during the menstrual cycle and following stimulation with chorionic gonadotrophin (CG) to simulate the early events of pregnancy (Fazleabas et al., 1999 (Fazleabas et al., , 2002 .
Materials and Methods

Induction of endometriosis
Normally cycling female baboons ranging in age from 7 to 12 years and weighing between 12 and 18 kg were used. The females were housed in individual cages in the Biological Research Laboratory of the University of Illinois (Chicago, IL, USA). All experimental procedures were approved by the Animal Care Committee of the University of Illinois. In this study, a total of 38 female baboons were studied. Endometrial tissues were obtained from 25 disease-free baboons during the proliferative (n ¼ 8), and secretory (Days 9 -11 post-ovulation [PO]; n ¼ 11) phases of the cycle and following CG stimulation during the mid-secretory phase (Days 9 -11 PO; n ¼ 6). Furthermore, tissues of baboons with induced endometriosis (n ¼ 8) in addition to disease-induced baboons treated with CG (n ¼ 3) and baboons who developed spontaneous endometriosis (n ¼ 2) were analysed. Samples from animals with endometriosis were obtained between Days 9 and 11 PO . The day of ovulation was monitored by measuring serum estradiol and the day of ovulation was designated as 48 h following the estradiol (E 2 ) surge (Fazleabas et al., 1999) .
Endometriosis was induced experimentally in baboons by intraperitoneal inoculation with menstrual endometrium obtained on either Day 1 or 2 of visible menses on two consecutive menstrual cycles. Details of this inoculation have been previously described (Fazleabas et al., 2003) . Animals treated with CG were fitted with a polyvinyl cannula into the oviduct which permitted infusion of CG into the uterine lumen via an Alzet minipump (Fazleabas et al., 1999) .
Uterine tissue was obtained at laparotomy from both control animals and baboons with endometriosis and processed for RNA extraction or immunohistochemistry.
RNA preparation, cDNA synthesis and quantitative real-time PCR Frozen tissues were homogenized and RNA extracted using the Trizol reagent (Molecular Research Center) according to the manufacturer's protocol. RNA quality was determined by photometric analysis and by gel electrophoresis. Following a DNase treatment (Invitrogen), reverse transcription reactions were carried out from 2 mg of total RNA. Subsequent real-time PCR reactions were processed in triplicate using an ABI Prism 7700 Sequence Detector (Applied Biosystems) in a total volume of 25 ml containing 80 ng cDNA, gene-specific primers, and Master Mix including SYBR Green reagent (Applied Biosystems). Quantification was performed by normalizing the expression levels of the genes analysed to the housekeeping gene beta-actin (ACTB). The following primers were used: cx26-forward 5
0 (product size. 157 bp), ACTB-forward 5 0 -ACCAAC TGGGACGACATGGAGAAAA-3 0 , ACTB-reverse 5 0 -TACGGCCAGAG GCGTACAGGGATAG-3 0 (product size: 213 bp). Melting curve analysis allowed determination of specificity of the PCR fragments. The specificity of the primers for baboon has been proven for liver (Cx26, Cx32) and heart tissue (Cx43), respectively (data not shown).
Immunohistochemistry
Tissues were frozen in Neg 50 Frozen Section Medium (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Five micron sections were cut on a Microtome HM500 OM cryostat (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Cx26, Cx32 and Cx43 were detected using indirect immunofluorescence. Frozen sections were washed with PBS and fixed in ice cold absolute ethanol for 10 min. Immunoincubation was performed as described previously (Winterhager et al., 1991) . Antibodies used were anti-Cx26 rabbit polyclonal antibody and anti-Cx32 rabbit polyclonal antibody (1 : 150, both Zymed Laboratories, San Francisco, CA, USA), and mouse monoclonal anti-Cx43 antibody (1 : 100; Zymed Laboratories San Francisco, CA, USA). For cytokeratin staining, a mouse monoclonal antibody was used (1 : 1, Becton Dickinson, San Jose, CA, USA). Double immunolabelling was performed as described elsewhere (Gellhaus et al., 2004 ). An appropriate FITC or Alexa-conjugated secondary antibody (DAKO) was used. For controls the primary antibody was omitted and positive controls were performed on different baboon tissues from a pool of untreated animals. Cx26 and Cx32 were tested on liver, Cx40 and Cx43 and Cx37 (endothelial cells) on heart, and Cx31 on skin sections. Staining was analysed with a Nikon E400 microscope and the images were captured using Spot 4.1 colour cooled digital camera equipped with advanced image capture software (Diagnostic Instruments, Sterling Heights, MI, USA) at magnification of 40Â. A minimum of six sections per animal were analysed.
Electron microscopy
Endometrial tissues were fixed in 3% (w/v) paraformaldehyde/1% (v/v) glutaraldehyde by immersion for 6 h at room temperature and subsequently post-fixed in 1% osmium tetroxide (v/v)/1.5% potassium ferrocyanide (w/v) in distilled water for 1 h at room temperature, and all tissues were processed into Araldite epoxy resin (Ladd Research Industries, Burlington, VT, USA). For ultrastructural examination, sections (70-90 nm) were contrasted with uranyl acetate/lead citrate before examination with a Philips 301 or CM10 electron microscope.
Results
Immunohistochemical analysis for connexins Cx26, Cx31, Cx32, Cx37 and Cx40 revealed only the presence of Cx26, Cx32 and Cx43 in baboon endometrium.
Connexin staining during the menstrual cycle
Immunolocalization of Cx43 in cycling baboons showed a strong and typical punctuate staining in the stromal compartment during the entire proliferative phase whereas the epithelium lacked any immunoreactivity (Fig. 1A) . In contrast, Cx26 was only detected in the uterine epithelium, however, in an unusual and untypical localization of the epithelial compartment. Cx26 is clearly located basally at the cell membranes forming a pearl chain like row (Fig.1B) This staining pattern remained constant throughout the proliferative phase. Co-immunostaining with cytokeratin confirmed that the Cx26 gap junctions still belong to the epithelial compartment (Fig. 1B) . In addition to Cx26, Cx32 is found in the uterine epithelium and like Cx26 predominantly located in the basal region of the epithelium, however, not in such a confined manner (Fig. 1C) .
The presence of gap junctions at the very outermost basal portion of the uterine epithelial cells during the proliferative phase is confirmed by electron microscopic investigations revealing typical gap junction structures in this membrane area ( Fig. 1D and E) .
During the secretory phase, stromal Cx43 staining declined ( Fig. 2A) and Cx26 was strongly reduced or even absent (Fig.2 B) . Cx32 immunostaining, however, was still present in the epithelium, and still clearly defined to the basal portion of the lateral membranes (Fig. 2C) .
Connexin staining in the secretory phase: endometriosis
Since the endometrial biopsies of baboons with induced endometriosis were biopsied in the secretory phase, the expression pattern of connexins were compared with the same cyclic phase of healthy animals. Between 10 and 15 month after inoculation of the menstrual tissue, the connexin distribution pattern in the eutopic endometrium of baboons with induced disease was changed for Cx26 and Cx32 whereas no obvious alteration in Cx43 localization in the stromal compartment was observed, although the intensity of staining was Aberrant expression of connexins in endometriosis enhanced compared with controls ( Fig. 2D compared with 2A) . Cx26 protein completely changed its localization and was now detected in the stromal compartment instead of in the epithelium. This switch from the epithelial to the stromal compartment was accompanied with a higher intensity of Cx26 staining (Fig. 2E) . Staining for Cx32 was quite weak in the epithelial compartment but unlike Cx26 there was no switch in staining patterns from the epithelial to the stromal compartment (Fig. 2F ).
Connexin pattern after CG infusion with or without induced endometriosis
The infusion of CG which led to the typical plaque reaction of the epithelium revealed a clear expression of Cx43 protein in the stromal compartment (Fig. 3A) , however, staining for Cx26 or Cx32 was absent in the epithelium (Fig. 3B and C) . Interestingly, infusion of CG in to animals with prolonged induced endometriosis (10 -15 month) showed the same pattern of staining as was observed in the secretory phase of cycling baboons with endometriosis: no changes in Cx43 distribution but a distinct switch in staining for Cx26 detectable in the stromal compartment, and mostly no Cx32 protein expression. However, in some sections Cx32 staining can be found in restricted stromal areas without preferential localization (Fig. 3D-F) .
Transcript levels of Cxs26, 32, 43
The presence and intensity of the connexin immunostaining is mostly reflected in transcript levels using qPCR. Similarly to the intensity of immunolabelling, transcript levels of Cx32 were significantly lower when compared with those of Cx43 and Cx26 (Fig. 4A -C) .
Furthermore corresponding to protein expression, Cx26 and Cx43 were down-regulated in the secretory phase ( Fig. 4A and B) , whereas an increase of Cx32 transcript was observed (Fig. 4C ). In addition, the presence of endometriotic lesions the slight increase in Cx26 could be confirmed together with the further down-regulation of Cx32 mRNA ( Fig. 4A and C) . In contrast, the decrease of Cx43 transcript levels were not reflected in the staining intensity of the Cx43 protein (Fig. 4B) .
Lower levels of mRNA were found for all connexins after CG treatment (Fig. 4) mirrored the results from immunostaining for Cx26 and Cx32, however, again the relatively high amount of Cx43 protein in the stromal compartment is not reflected by transcript levels. Infusion of CG into animals with disease did not seem to influence the connexin expression levels. In summary Cx26 and Cx32 staining levels correlated to the levels of transcripts whereas Cx43 immunostaining was higher in the stromal compartment and was unrelated to transcript levels.
Discussion
Several studies have shown that the proposed molecular markers of a receptive endometrium are aberrantly expressed in women with endometriosis (reviewed in Giudice et al., 2002) . Genome-wide microarray comparisons between women with or without endometriosis have further validated the concept that endometrial gene expression within the window of uterine receptivity is altered (Kao et al., 2003; Absenger et al., 2004) . However, it is still a problem to discriminate if changes in the gene pattern for endometrial receptivity are the cause for this disease, or if these changes are a consequence of the presence of endometriotic lesions. Using an induced endometriosis model in baboons we here added an additional marker molecule which is aberrantly expressed upon long-term presence (.10 month) of endometriotic lesions. Our results further confirm the hypothesis that the altered endometrial program is in part due to the presence of lesions. Since the alteration occurred during the secretory phase these changes could explain the problem of impaired fertility associated with endometriosis.
Gap junction connexin proteins are precisely regulated during the menstrual cycle in non-human primates. Similarly to findings in human endometrium (Jahn et al., 1995) we found Cx43 in the stromal and Cx26 in the epithelial compartment of baboons, both being down-regulated in the secretory phase. Moreover as found in humans, Cx32 is expressed in the baboon epithelium and restricted to the basal membrane region (Jahn et al., 1995) . In contrast to the human endometrium, both connexins are located at the basal portion where gap junction structures are seen by electron microscopy. The reason for this very defined basal distribution of Cx26 and Cx32 is not readily discernable from this study.
The paracrine secretion of baboon trophoblast CG mimicked by CG infusion influenced this pattern and resulted in a disappearance of Cx26 and Cx32 from the epithelium which underwent the typical plaque reaction. This pattern of connexin regulation is comparable with the situation in rodents at the time of uterine receptivity (Winterhager et al., 1993) with a loss of epithelial connexins prior to implantation. In the presence of endometriotic lesions, Cx26 switched from the epithelium to the stromal compartment in the secretory phase which points to an inappropriate differentiation of the stromal fibroblasts at receptivity. Interestingly, this change in Cx26 pattern persisted in baboons with endometriosis even following CG infusion.
The crucial role for Cx43 in decidualization and angiogenesis during implantation has been shown in mice with tissue specific deletion using Cre-recombinase under the control of the progesterone promoter (Laws et al., 2008) . The Cx43 protein pattern does not appear to be influenced by endometriosis; however, a reduction in the level of mRNA transcripts is readily evident. At present, we cannot explain the discrepancy between transcript levels and immunostaining of Cx43, however, we can only speculate that this discrepancy could be related to changes in connexin protein turnover due to altered phosphorylation of the C-terminus (Solan and Lampe, 2009) or a shift in the ratio of the stromal to the epithelial compartment.
These changes in endometrial connexin patterns as a result of the establishment of endometriotic lesions support previous studies for several other marker genes. The CCN1 (CYR61) protein is an estrogen-regulated proangiogenic factor which is aberrantly expressed in human endometriotic eutopic endometrium during the window of receptivity (Absenger et al., 2004) and is highly up-regulated in eutopic endometruim upon induction of endometriosis in baboons (Gashaw et al., 2006) . Another candidate, cFOS (c-fos), revealed altered levels and distribution in the eutopic endometrium of baboons after the induction of endometriosis . All three genes, Cx26, CYR61 and c-fos are estrogen regulated genes which are normally suppressed under progesterone dominance. 
Aberrant expression of connexins in endometriosis
The HOXA10 protein which is crucial for uterine receptivity was significantly decreased after 12 and 16 months of induced disease in both the epithelial and stromal cells of the endometrium . In contrast to Cx26, CYR61 and c-fos, hormonal regulation of HOXA10 in adult uteri is dependent on both estrogen and progesterone. The increase in HOXA10 mRNA levels, however, is higher in response to the progestin medroxyprogesterone acetate (MPA) than to 17b-estradiol in primary endometrial stromal cells, and a combination of 17b-estradiol and MPA revealed a synergistic action on HOXA10 gene expression levels (reviewed in Daftary and Taylor, 2006) . Thus, the down-regulation of HOXA10 seems to point to an impaired response to progesterone together with the methylation of the HOXA 10 promoter .
Several studies from different groups including ours have provided evidence that secretory-phase eutopic endometrium in women as well as in baboons with endometriosis responds inadequately to progesterone (Wu et al., 2006; Aghajanova et al., 2009a, b; Wang et al., 2009) . This is in line with clinical observations that a cohort of endometriosis patients is resistant to progestin treatment (Bulun et al., 2006) . Comparative gene expression analysis of progesteroneregulated genes in the receptive endometrium confirmed that the progesterone response is attenuated in the endometrium of patients affected by endometriosis (Burney et al., 2007) . The molecular basis of progesterone resistance in endometriosis may be acquired by different mechanisms. In humans it has been reported that the PRA to PRB ratio is down-regulated in endometriotic tissues leading to a relative resistance to progesterone action and an impaired stromal differentiation of eutopic as well as ectopic endometrium in endometriosis (Attia et al., 2000; Igarashi et al., 2005; Wu et al., 2006) . In baboons with induced endometriosis hormonal treatment of isolated stromal cells did not increase levels of PRA or PRB in contrast to healthy animals. Furthermore, ERalpha and ERbeta were decreased in the endometrial stromal cells . This altered expression of steroid hormone receptors appears to be associated with a reduced response to progesterone in both the eutopic and ectopic endometrium. Thus the modus of aberrant endometrial gene regulation in the presence of endometriotic lesions shows similarities for a number of genes and leads to the hypothesis that it is the presence of the disease that gives rise to the phenomenon of progesterone resistance. Furthermore, CG treatment is not able to restore the impaired connexin distribution. This response is similar to our previous studies, where CG infusion failed to induce expression of the immunoregulatory protein glycodelin or alpha-smooth muscle actin (alpha-SMA) in stromal cells in animals with endometriosis as early as 1 and 4 months following the induction of disease (Fazleabas et al., 2003) .
Since alterations in a previously healthy eutopic endometrium occurs as a function of time in the presence of endometriotic lesions, additional factors such as inflammatory cytokines could influence the genetic program. Endometriosis is associated with a pelvic inflammatory process which results in altering the function of immune-related cells and increased number of activated macrophages that secrete factors such as C-Reactive Protein, Serum Amyloid A, tumour-necrosing factor (TNF)-alpha, Monocyte Chemotactic Protein 1, Interleukins (IL)-6, IL-8 and Cognate Chemokine Receptor 1 (Agic et al., 2006) . Since Cx26 is known to respond to inflammatory mediators such as IL1 and TNFalpha in a hepatocyte cell line (Temme et al., 1998) we cannot exclude the possibility that the altered inflammatory milieu as a consequence of endometriosis response contributes to this aberrant pattern of Cx26 staining.
Taken together, this study adds further credence to the increasing evidence that the presence of endometriotic lesions has a detrimental effect on the receptive endometrium. The impaired physiological status predominantly in the stromal compartment indicates a crucial role of stromal fibroblasts for endometrial programming and could In addition, endometrium of healthy animals (d14 CG) as well as of animals with induced endometriosis (EMT CG) was analysed after 14 days of treatment with chorion gonadotrophin.
contribute to an impaired endometrial gene expression. Because of well-known estrogen dependency of Cx26 the shift in the expression pattern of this connexin could be due to the progesterone resistance that develops in the stromal cells of baboons with endometriosis Kim et al., 2007) .
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